We hypothesized that the P-selectin (SELP) gene, localized to a region on chromosome 1q24, pleiotropically contributes to increased blood pressure and cerebral atrophy. We tested this hypothesis by performing genetic correlation analyses for 13 mRNA gene expression measures from P-selectin and 11 other genes located in 1q24 region and three magnetic resonance imaging derived indices of cerebral integrity. Methods: The subject pool consisted of 369 (219F; aged 28-85, average = 47.1 ± 12.7 years) normally aging, community-dwelling members of large extended Mexican-American families. Genetic correlation analysis decomposed phenotypic correlation coefficients into genetic and environmental components among 13 leukocyte-based mRNA gene expressions and three whole-brain and regional measurements of cerebral integrity: cortical gray matter thickness, fractional anisotropy of cerebral white matter, and the volume of hyperintensive WM lesions. Results: From the 13 gene expressions, significant phenotypic correlations were only found for the P -and L-selectin expression levels. Increases in P-selectin expression levels tracked with decline in cerebral integrity while the opposite trend was observed for L-selectin expression. The correlations for the P-selectin expression were driven by shared genetic factors, while the correlations with L-selectin expression were due to shared environmental effects. Conclusion: This study demonstrated that P-selectin expression shared a significant variance with measurements of cerebral integrity and posits elevated P-selectin expression levels as a potential risk factor of hypertension-related cerebral atrophy.
INTRODUCTION
Genetic factors are responsible for a large (40-80%) proportion of individual variability in measurements of blood pressure (BP) and cerebral integrity (Kochunov et al., 2009 (Kochunov et al., , 2010a Winkler et al., 2010) . Elevated BP shares genetic risk factors with genetic risk factors for decline in cerebral integrity in both hypertensive (Turner et al., 2005) and normally aging populations (DeStefano et al., 2006; Kochunov et al., 2010b Kochunov et al., , 2011a . Some these risk factors were localized to a region on the q-arm of chromosome one (1q24; Turner et al., 2005; Kochunov et al., 2010b) . This region was also previously identified as harboring risk genes for development of cardiovascular disorders (Blann et al., 2003; Zee et al., 2004; Rutherford et al., 2007) and essential hypertension (Duggirala et al., 2000; Chang et al., 2007; Goring et al., 2007) . Five genes within this region, including a constellation of selectin (SELP, SELL, and SELE) genes, ATP1B1 and the coagulation factor V (F5) genes, were confirmed to be involved in determining individual susceptibility for essential hypertension (Kochunov et al., 2009 (Kochunov et al., , 2010a . Previously, we hypothesized that P-selectin (SELP) gene was a likely contributor to the variations in BP and brain atrophy BP (Kochunov et al., 2010b (Kochunov et al., , 2011a . Elevated platelet P-selectin expression level is a marker of endothelial dysfunction (Nomura et al., 2009) and is positively correlated with systolic BP, pulse pressure, and diagnosis of hypertension (Lee et al., 2008; Reiner et al., 2008; Nomura et al., 2009) . Common SELP sequence variants also explain a significant proportion of individual variability in the soluble P-selectin protein levels, even after correcting for environmental factors such as smoking (Lee et al., 2008; Reiner et al., 2008) . Furthermore, SELP 1087A/G polymorphism is a predictor of poorer neurocognitive functioning in hypertensive elderly (Gunstad et al., 2009) . Here, we aimed to test the hypothesis that elevated P-selectin expression levels predict declining brain integrity. To this end, we employed genetic correlations with quantitative mRNA expressions measured in large, extended pedigree (Blangero et al., 2003) . This approach has strategic benefits such as the increased power to study causal genes and increased power www.frontiersin.org to detect the effects of rare functional variants, over the more common strategy that has focused upon collections of unrelated individuals (Blangero et al., 2003) .
We performed these analyses using leukocyte-based mRNA expression measurements for 12 genes the 1q24 region and three magnetic resonance imaging (MRI)-derived measurements of cerebral integrity in a well-characterized population of normally aging, community-dwelling Mexican-Americans from large extended families (Mitchell et al., 1996) . Gene expression measurements were performed on the lymphocytes exacted from blood samples collected 16 year prior to collection of imaging data; hence, giving a prospective element to the brain measures. Previous analyses in this population established a positive correlation between elevated expression levels for P-selectin and arterial hypertension . Additional analyses demonstrated a genetic relationship among BP measurements and two MRI-derived measurements of cerebral white matter (WM) integrity (Kochunov et al., 2010b (Kochunov et al., , 2011a . Specifically, elevated arterial pulse pressure and systolic BP corresponded to lower fractional anisotropy (FA) of cerebral WM values (Kochunov et al., 2011a) . Elevated arterial pulse pressure and systolic BP also corresponded to the increased volumes of subcortical and ependymal hyperintensive WM (HWM) regions (Kochunov et al., 2010b) , which is a classical marker of focal WM atrophy (Fazekas et al., 1993) . Here, we propose to test the next logical hypothesis that there should be a significant degree of shared genetic variance between cerebral atrophy and gene expression level of P-selectin and/or others genes located at the 1q24 QTL region. In addition to two previously used measurements of WM atrophy, we obtained whole-brain and regional measurements of cortical gray matter (GM) thickness to estimate intersubject differences in the integrity of cortical GM (Huttenlocher and Dabholkar, 1997) .
MATERIALS AND METHODS

SUBJECTS
Three hundred sixty-nine (219 females) active participants in the San Antonio Family Heart Study (SAFHS; Mitchell et al., 1996) , for whom gene expression and brain imaging data were available. They are Mexican-Americans from large extended families selected randomly from the community. Subjects ranged from 28 to 85 years of age (47.1 ± 12.7 years) and were members of 47 families (9.3 ± 8.2 individuals/family; range 2-38). Subjects' demographic and health information is detailed in Table 1 . Four hundred forty-eight SAFHS subjects, for whom transcript data were available agreed to participate in the imaging study. Forty-six subjects were excluded from the imaging for: MRI contraindications such as claustrophobia or presents of metal in their bodies (N = 35), history of neurological illnesses, such as multiple sclerosis (N = 6), or stroke, transient ischemic attack or other major neurological event (N = 5). Complete MRI data was not collected for 33 subjects because a subject was unable to complete the MRI session (N = 26), scanner malfunction (N = 4), and other reasons (N = 3). All subjects provided written informed consent on forms approved by the Institutional Review Board of the University of Texas Health Science Center at San Antonio (UTHSCSA) and Yale University.
MR imaging and data processing
Imaging data were collected using a Siemens 3 T Trio scanner located at the Research Imaging Institute, UTHSCSA. The details of imaging protocol and data collection are described elsewhere (Kochunov et al., 2011b) . In short, this study used a multimodal MRI protocol specifically optimized for measurements of GM thickness, FA values, and volume of HWM lesions.
The protocol for measurements of GM thickness was designed to collect data capable of resolving the cortical ribbon across Frontiers in Genetics | Neurogenomics the cerebral cortex using an isotropic spatial resolution of 0.8 mm (voxel volume = 0.5 mm 3 ). T1-weighted contrast was achieved using a magnetization prepared sequence with an adiabatic inversion contrast-forming pulse (scan parameters: TE/TR/TI = 3.04/2100/785 ms, flip angle = 11˚). A retrospective motion correction technique (Kochunov et al., 2011b ) was used to reduce artifacts related to subject motion. Whole-brain average and regional measurements of cortical thickness were performed using a freely available BrainVisa software (Kochunov et al., 2012b ; Figure 1) 1 . This tool uses a "normal-average" algorithm that has been reported to be a good compromise between accuracy and performance (Lerch and Evans, 2005) . The GM thickness is measured as the Euclidean distance from an inner mesh vertex to the outer mesh along the direction normal to the inner mesh polygon. The measurement is repeated, inward, along the direction normal the outer mesh and the two distances are averaged (Kochunov et al., 2008) . The consistency of the distance measurements is ensured 1 http://www.nitrc.org/projects/brainvisa_ext/ by verifying that the line connecting the two surfaces does not intersect other polygons, inner or outer, along the way. GM thickness measurements were averaged for individual cortical areas for both hemispheres; the whole-brain GM thickness measurement was obtained by averaging all gyral GM thickness measurements as described elsewhere (Wakana et al., 2004) . Diffusion tensor data were collected using a single-shot, echoplanar, single refocusing spin-echo, T2-weighted sequence with a spatial resolution of 1.7 mm × 1.7 mm × 3.0 mm. The sequence parameters were: TE/TR = 87/8000 ms, FOV = 200 mm, axial slice orientation with 50 slices, and no gaps, 55 isotropically distributed diffusion weighted directions, two diffusion weighting values (b = 0 and 700 s/mm 2 ) and three b = 0 images. Details for the choice of DTI parameters and processing of DTI scans, including extracting whole-brain and regional FA values, are discussed elsewhere (Kochunov et al., 2011b) . In short, the tract-based spatial statistics (TBSS) software (Kochunov et al., 2011b) was used for multi-subject analysis of FA images. Whole-brain average FA values were calculated by averaging values for the entire WM skeleton. Average FA values were calculated for nine major WM tracts FIGURE 1 | T1-w image processing pipelines. A T1-w image is skull-stripped, globally spatially normalized, and RF inhomogeneity corrected (A). Next, cerebral hemispheres and cerebellum and identified and tissue classified (B); cortical surfaces for GM and WM are calculated (C,D) and homotopic erosion operation and crevasse detector are used to reconstruct sulcal surface as the medial surface of the two opposing gyral banks (E). Sulcal identification pipeline uses a congregation of 500 artificial neural network-based pattern classifiers to identify (F) sulcal landmarks and to perform gyral segmentation of the cortex (G). GM thickness was calculate as the distance between the pial (C) and GM/WM interface surfaces (H). (I) Average GM thickness was calculated 14 primary cortical gyri.
www.frontiersin.org (Figure 2 ) as described elsewhere (Kochunov et al., 2010a (Kochunov et al., , 2012a . Briefly, the population-based, 3D, DTI cerebral WM tract atlas developed at the John Hopkins University (JHU) and distributed as part of the FSL software package (Wakana et al., 2004 ) was used to calculate population average diffusion parameter values along the nine major WM tracts (Figure 2 ). The JHU atlas was nonlinearly aligned and labels for individual tracts were transferred to the subjects' brains using nearest-neighbor interpolation. Per-tract average values were calculated by averaging the values along the tracts for both hemispheres. The overall average FA values were calculated by averaging values for the entire WM skeleton.
Hyperintensive WM lesion data were collected using a 3D, T2-weighted imaging using a high-resolution (isotropic 1 mm), turbo-spin-echo fluid attenuated inversion recovery (FLAIR) sequence with the following parameters: TR/TE/TI/Flip angle/ETL = 5 s/353 ms/1.8 s/180˚/221. FLAIR images were preprocessed by removal of non-brain tissue, registration to the Talairach frame and correction for RF inhomogeneity. HWM regions were manually delineated in 3D-space using an inhouse software 2 by an experienced neuroanatomist with high (r 2 > 0.9) test-retest reproducibility. HWM regions were coded as ependymal regions, contiguous with CSF structures, and subcortical in accordance with a technique described in (Henry Feugeas et al., 2005) . The WB-HWM volume and the volumes of subcortical and ependymal HWM were measured for each subject.
In addition to whole-brain average measurements, regional GM thickness, FA values, and HWM volumes was calculated for 14 cortical areas, 10 major WM tracts and subcortical and ependymal (periventricular) white, respective, using the parecelation method described elsewhere (Kochunov et al., 2011b) .
GENE EXPRESSION MEASUREMENTS
Thirteen gene expression transcripts were analyzed for 12 genes located in a 2-Mb region of chromosome 1, between markers rs137915045 and rs111909575 (Turner et al., 2005; Chang et al., 2007; Rutherford et al., 2007 ; Figure 3 ; Table 1 ). Gene expression measures were derived from lymphocytes collected 16.6 ± 2.1 years prior to collection of imaging data. The details of gene expression measurements are described by Goring et al. (2007) . In short, lymphocyte were obtained from blood samples collected in the morning after an overnight fast. Lymphocytes were isolated from a 10-ml sample using Histopaque (Sigma Chemical Co.), following the suggested protocol of the manufacturer. The isolated and washed lymphocytes were frozen and stored at −80˚C overnight and then transferred into liquid nitrogen tanks. Total RNA was isolated from lymphocyte samples using a modified procedure of the QIAGEN RNeasy 96 protocol for isolating total RNA from animal cells using spin technology (QIAGEN, Inc.). Its integrity was verified and anti-sense RNA was synthesized, amplified, and purified. Hybridization of anti-sense RNA was carried out using Illumina's BeadChip 6 × 2 protocol. Total isolated RNA was hybridized to Illumina Sentrix Human Whole Genome (WG-6) Series 1 BeadChips as previously described .
2 http://ric.uthscsa.edu/mango These BeadChips simultaneously probes ∼48,000 transcripts, representing more than 25,000 annotated human genes. Processing of the sample was performed in a single batch, thereby eliminating the batch effect. Expression levels were z-normalized to make the expression phenotypes comparable among individuals and across transcripts . Finally, each transcript's residual expression scores were normalized by using an inverse Gaussian transformation across individuals to ensure normality .
STATISTICAL GENETIC ANALYSES
Variance components methods, as implemented in the Sequential Oligogenic Linkage Analysis Routines (SOLAR) software package 3 (Almasy and Blangero, 1998) , were used to estimate the degree of shared genetic variability between gene expression measurements and indexes of cerebral integrity. Briefly, the covariance matrix Ω for related individuals is given by Eq. 1
where σ 2 g is the genetic variance due to residual additive genetic factors, σ 2 e is the variance due to individual-specific environmental effects, and I is an identity matrix. Φ is the kinship matrix that is assembled based on the family relationships and confirmed with molecular parent-offspring genetic testing. This matrix summarizes the genetic relationships among all individuals. For additional explanation of the variance components approach using in SOLAR (see Almasy and Blangero, 1998; Blangero et al., 2001) . Heritability (h 2 ), the portion of the total phenotypic variance (σ 2 P ) that is accounted for by additive genetic variance (σ 2 g ), is assessed by contrasting the observed phenotypic covariance matrix with the covariance matrix predicted by kinship (Eq. 2).
Bivariate genetic analysis calculates the magnitude and significance of phenotypic correlation coefficient (ρ P ), and the proportion of variability due to shared genetic (ρ G ) and environmental (ρ E ) effects. The overall phenotypic correlation (ρ P ) between two traits A and B (Eq. 3) can be expressed using the correlation due to shared additive genetic effects (ρ G ) and the residual correlation (ρ E ) due to shared environmental effects.
Where, h 2 A and h 2 B denote the additive genetic heritability for each of the traits, i.e., the proportion of the total phenotypic variance that is explained by additive genetic factors. If the genetic correlation coefficient (ρ G ) is significantly different from zero, then the significant portion of the variance in two traits are considered to be influenced by shared genetic factors (Almasy et al., 1997) . All genetic analyses were conducted with age, sex, age * sex, age 2 , and age 2 * sex included as covariates. The health screening data as shown in Table 2 , were not used as covariates because of the loss of statistical power to detect genetic effects due to potential overlap in risk factors. Including covariates that potentially share both genetic and environmental variance may cause distortion of findings in unknown ways. Tests for P-selectin transcripts and cerebral integrity measures were considered statistically significant at p < 0.05 based on the a priori hypothesis. Tests for correlations with the other 12 transcripts were exploratory and only the Bonferroni corrected p values were considered significant. Significance of the bivariate genetic and environmental correlation analysis was based on p < 0.05.
RESULTS
Genetic analyses reported statistically significant phenotypic correlation coefficients (ρ P ) between mRNA expressions for P-selectin gene and all three measurements of cerebral integrity (Table 3) . A statistically significant correlation (ρ P ) was also observed between www.frontiersin.org Table 2 | Subjects' demographic and health information including obesity (body mass index >30), the number of subjects with hypercholesterolemia (total cholesterol levels >200 mg/dL) and hyperlipidemia (blood lipids >150 mg/dL), the number of subjects diagnosed with coronary heart disorder, diabetes, hypertension, the number of subjects taking antihypertensive medications, the number of subjects with alcohol dependence (AD), and the number of subject with a lifetime major depression (MD) episode. 16 (4%) 90 (24%) 75 (20%) 36 (10%) 21 (6%) 86 (23%) L-selectin and FA values (p ≤ 0.004; Figure 3; Table 3 ). No significant correlations were observed for any other transcripts in this region (Figure 3) . A significant genetic correlation (p ≤ 0.05) was only observed between P-selectin expression levels and GM thickness and FA values ( Table 2) . A significant environmental correlation (ρ E ;)(p ≤ 0.05) was observed between expression levels for L-selectin and GM thickness and FA values.
Age
Phenotypic correlation coefficients between P-selectin expression and all regional GM thickness and FA measurements were significant (p ≤ 0.05) with exception of Sagittal Striatum ( Table 4) . The sign of phenotypic correlations indicated that higher Pselectin expressions were associated reduced GM thickness and FA throughout the brain. Phenotypic correlation coefficients were significant between L-selectin expression and six regional GM thickness and for all regional FA measurements, with exception of Splenium of Corpus Callosum ( Table 4) . These correlation coefficients were positive and driven by shared environmental factors ( Table 4 ). The correlation coefficient for the L-selectin expressions and subcortical HWM volumes was significant (p = 0.01), negative and driven by shared environmental factors (ρ E = −0.25; p = 0.05).
The correlation between the P-and L-selectin expressions were not significant ρ P (p), ρ G (p), and ρ E (p) = −0.08 (0.12), 0.16 (0.60), and −0.22 (0.16), respectively.
DISCUSSION
This study aimed to identify genes, located on chromosome 1q24, whose expression levels predicted brain atrophy in a population of well-characterized Mexican-Americans. Previous research in this population has demonstrated positive genetic relationships between P-selectin expressions and arterial hypertension and between BP and pulse pressure and WM integrity (DeStefano et al., 2006; Rutherford et al., 2007) . Here, we demonstrated that elevated mRNA expressions for P-selectin gene were prospectively associated with reduced cerebral integrity and this association was driven by shared genetic factors. In addition, we observed a positive phenotypic correlation between the L-selectin expression and cerebral FA values, which was driven by shared environmental factors. The blood samples used in this study were collected 16 years prior to the imaging assessments, minimizing the potential that these traits were influenced by stress associated with MR imaging (Tsankova et al., 2006) . Overall, our finding supported the hypothesis that P-selectin is the likely to be involved in modulation of cerebral atrophy and that its mRNA expression level is a promising peripheral biomarker of cerebral health.
P-selectin is a cell adhesion protein, expressed by endothelial cells, that initiates adhesion to platelets and endothelial cells as the part of the inflammatory reaction. Elevated levels of soluble P-selectin protein in blood is a known risk factor for atherosclerosis (Csongradi et al., 2011) , essential hypertension (Zee et al., 2004) , cardiovascular disorders (Zakynthinos and Pappa, 2009) , and stroke (Zee et al., 2004; Preston et al., 2007) . Platelet derived P-selectin expression levels were shown to be positively correlated with blood levels of soluble P-selectin protein (Csongradi et al., 2011) and the diagnosis of the hypertension and atherosclerosis (Lee et al., 2008; Reiner et al., 2008; Nomura et al., 2009) . Common SELP sequence variants, including rs2235302, rs6133, rs6136, and rs3917854, were demonstrated to explain a significant (5-13%) portion of individual variability in soluble P-selectin measured in plasma (Lee et al., 2008; Reiner et al., 2008) . Our finding of significant negative correlation between P-selectin expression and cerebral integrity also replicates an observation in the Framingham heart study subjects where the blood level of P-selectin protein were negatively correlated with the brain volume (Preston et al., 2007) . Further analyses, involving deep sequencing and functional variants will be necessary for the true identification of the specific polymorphisms that are associated with increased cerebral atrophy. Significant phenotypic correlation was observed between Lselectin (SELL) expressions and FA of cerebral WM. The direction of the correlation indicated that increased L-selectin expression levels corresponded to higher FA values. The significance of the environmental correlation coefficient (ρ E ) suggested that www.frontiersin.org this relationship was driven by shared environmental factors. Lselectin protein has both adhesive and signaling functions and its physiological role is different from that of P-selectin (Shigeta et al., 2008) . The L-selectin levels do not increased during essential hypertension (Sanada et al., 2005) and do not predict development of vascular inflammation during vascular encephalomyelitis (Doring et al., 2007) . Experiments in lab animals demonstrate that P-selectin expression is significantly up-regulated in inflamed CNS microvessels but no significant change was observed for Lselectin expression (Doring et al., 2007) . Instead, L-selectin levels were shown to be essential for leukocytes' recruitment into CNS in response to bacterial meningitis (Sulik et al., 2006) , sepsis, and viral brain infections (Sulik et al., 2006) and were predictive of increased survival rates in patients with acute brain injury (Briassoulis et al., 2007) . Additionally, L-selectin participates in the in vitro attachment of lymphocytes to WM with its ligand located on the actual myelin sheaths of CNS neurons (Huang et al., 1994) . The shiverer mouse, which lacks compact myelin, has a greatly diminished density of L-selectin ligands (Huang et al., 1994) . The positive relationship between the expression levels of L-selectin and FA values may, therefore, reflect upon the anti-inflammatory role of this gene in maintaining homeostasis of the cerebral WM. This is the first study to empirically demonstrate the utility of lymphocyte-based P-selectin expression level measurements for a study of cerebral integrity phenotypes. Expression levels of Pselectin gene in the cerebral endothelial cells would be the ideal trait for this study. However, the impracticality of obtaining such measurements in large, genetically informative samples necessitates the use of a surrogate marker. On the other hand, P-selectin is highly expressed in human lymphocytes 4 and P-selectin protein is critically involved in the migration of lymphocytes into brain tissue during ischemic stroke injury (Marquardt et al., 2009; Yilmaz and Granger, 2010) and modulation of cerebral inflammation in multiple sclerosis (Piccio et al., 2005; Engelhardt, 2008) . Additionally, other expression levels in lymphocytes have already been demonstrated to be good surrogates for gene expression in several neurological and psychiatric disease-relevant genes (Borovecki et al., 2005; Tsuang et al., 2005; Glahn et al., 2012) . For instance, the lymphocyte-based expressions ranked higher than any of the behavioral or neurocognitive assessment measurement for marking the risk of major depressive disorder, suggesting that lymphocyte-based transcriptional profiles is an important marker for psychiatric disease risks (Glahn et al., 2012) .
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We observed no significant correlations between measurements of cerebral integrity and expression levels for two other, ATP1B1 and F5, genes whose polymorphism were implicated as potential 4 http://www.genecards.org/cgi-bin/carddisp.pl?gene=SELP#expression risk factors for essential hypertension BP in Caucasians (Kochunov et al., 2009 ). This could be due to ethnic differences as this study was focused on Mexican-Americans, a population with significant Native American admixture. Mexican-Americans are characterized by a higher rate of metabolic syndrome when compared with non-Hispanic whites in San Antonio (Mitchell et al., 1996) . Elevated P-selectin expression levels are also observed in atherosclerosis, diabetes, obesity, and coronary artery disease (Zakynthinos and Pappa, 2009; Csongradi et al., 2011) and our findings may not be specific to hypertension, other than in the sense that hypertension is part of the metabolic syndrome. Therefore, the lack of finding of a significant correlation for ATP1B1 and F5 expression levels cannot be interpreted as conclusive evidence against the hypothesis that this relationship does not exists nor does it confirm the lack of the overall pleiotropic relationship.
CONCLUSION
Our findings in a cohort of normally aging, community-dwelling, Mexican-Americans demonstrated that P-selectin is likely candidate, responsible for the bivariate QTL between measures of BP and cerebral integrity in the 1q24 region. Our analyses demonstrated that P-selectin expression levels explained 3-4% of the variability in the measurements of cerebral integrity. This is smaller than the predictive power of BP measurements on cerebral integrity (10-20%; Kochunov et al., 2011a) . However, it is similar to the prospective predictive power (∼5%) of the serum Pselectin levels on the intersubject variability in the carotid intimamedia thickness measured 5 years later. Our findings also support the hypothesis of a direct genetic relationship between P-selectin expression and cerebral atrophy as proposed by two studies that demonstrated neurocognitive differences in the elderly carriers of 1087 allele of this gene (Mathew et al., 2007; Gunstad et al., 2009 ). However, allele-specific PCR validation will be necessary to name the specific genetic variants that are responsible for this association. Additional research is also needed to clarify if the lack of genetic association for the ATP1B1 and F5 genes, previously reported in Caucasians, may be due to ethnic differences in the Mexican-American population studied here.
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